Objectives: The antimicrobial oncocin derivative Onc72 is highly active against a number of Gram-negative bacteria, including resistant strains. Here we study its toxicity and efficacy in a lethal mouse infection model.
Introduction
The broad and often inappropriate usage of antibiotics in recent decades has selected bacteria that have acquired one or several resistance mechanisms, which is especially threatening for hospital-acquired (nosocomial) infections. The prevalence of nosocomial infections in intensive care units is 50%. In recent years, the most notable increase in resistance has been observed for Gram-negative bacteria. A very recent example highlighting the problem is the occurrence of deaths in Europe caused by bacteria carrying New Delhi metallo-b-lactamase (NDM-1). 1 Despite all efforts, including prophylactic measures, the number of nosocomial infections is still increasing worldwide. This illustrates an urgent medical need to develop new antibiotics that kill the bacteria by novel mechanisms to overcome acquired resistance mechanisms.
One promising strategy relies on antimicrobial peptides (AMPs) to gain a new option in the 'war against germs'. AMPs of different lengths and sequences are found in all higher organisms. 2, 3 They can act by different mechanisms, such as lysis of the bacterial membrane or inhibiting certain targets on the surface or within the bacteria. 4, 5 This huge pool of active substrates provides an ideal starting point for developing novel antibiotics to treat humans. Typical limitations of peptide drugs are, however, their fast enzymatic degradation and low absorption rates, which often prevent their oral administration. With respect to nosocomial infections this might be a benefit, as peptide antibiotics would be given intravenously by skilled personnel, i.e. clinicians, under well-controlled conditions (dose, treatment intervals and period as well as therapy success), preventing, or at least reducing, the risk of resistance development.
The family of proline-rich AMPs present in insects and mammals has recently attracted several research groups to investigate their therapeutic potential and to optimize their structures for in vivo applications. 6, 7 The early promise of in vitro tests has been fully confirmed in mouse models. Moreover, an artificial peptide sequence called A3-APO showed an even broader activity spectrum in mice than the in vitro screens suggested. 8, 9 Recently, we introduced another promising AMP, called oncocin, which was optimized for its activity in vitro against Escherichia coli, Klebsiella pneumoniae and Pseudomonas aeruginosa, starting from a native AMP originally isolated from Oncopeltus fasciatus (large milkweed bug). 10, 11 Oncocin was highly active in vitro and non-toxic to mammalian cells. In an ongoing drug development process we were able to increase its stability against serum and bacterial proteases by modifying the cleavage sites, which were deduced from the metabolites identified after incubating the peptides with mouse serum and E. coli lysates. 12, 13 Lead compound Onc72, for example, inhibited the growth of E. coli strain ATCC 25922 (also designated as DSM 1103) in a microdilution assay at a concentration of 4 mg/L (MIC) in 33% TSB medium.
Here we report the first animal study to evaluate systemic toxicity after repeated injections of Onc72 and its efficacy in a lethal systemic infection model with NMRI mice being infected intraperitoneally (ip) with E. coli strain ATCC 25922.
Materials and methods

Peptide synthesis
Onc72 (VDKPPYLPRPRPPROIYNO-NH 2 , where O represents L-ornithine) was synthesized on a microwave-assisted peptide synthesizer (Liberty; CEM, Matthews, NC, USA) at a 250 mmol scale using Rink amide resin (MultiSynTech GmbH, Witten, Germany), as described recently. 14 The side chains of trifunctional amino acids were protected with 2,2,5, 7,8-pentamethylchroman-6-sulphonyl (Pbf) for Arg, tert-butyl ( t Bu) for Asp and Tyr, tert-butyloxycarbonyl (Boc) for Lys and L-ornithine (Orn) and trityl (Trt) for Asn (MultiSynTech GmbH, Witten, Germany and Orpegen Pharma GmbH, Heidelberg, Germany). Amino acids were activated with HBTU/DIPEA and coupled in a 4-fold excess using the standard protocols recommended for microwave-assisted solid phase peptide synthesis. The final peptide resin was washed with dichloromethane, dried and cleaved with trifluoroacetic acid (TFA) containing 12.5% (v/v) of a scavenger mixture (ethandithiole, m-cresole, thioanisole and water, 1 : 2:2:2 by volume) and precipitated with cold diethyl ether after 2 h. The precipitated peptide was washed twice with cold diethyl ether, dried and purified on a C 18 phase using a linear aqueous acetonitrile gradient in the presence of 0.1% (v/v) TFA as ion pair reagent (Jupiter C 18 column, 21.2 mm internal diameter, 250 mm length, 15 mm particle size, 30 nm pore size; Phenomenex Inc., Torrance, USA). The purity of the peptide was judged by reversed-phase (RP)-HPLC on a Jupiter C 18 column (4.6 mm internal diameter, 150 mm length, 5 mm particle size, 30 nm pore size; Phenomenex) by recording the absorbance at 214 nm. The molecular weight was confirmed by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF/ TOF-MS; 4700 Proteomic Analyzer; AB Sciex, Darmstadt, Germany). The lyophilized peptide was dissolved in 0.1% (v/v) aqueous acetic acid and lyophilized again. This step was repeated once to remove residual TFA.
Animals
For in vivo experiments, female NMRI outbred mice aged 6 -8 weeks and weighing 25-32 g were used. Food and water were given ad libitum. The mice were housed in an IVC system (Ebeco, Castrop-Rauxel, Germany) under specific pathogen-free conditions. The experiments were in accordance with the guidelines approved by the Animal Care and Usage Committee of the state agency Leipzig (Landesdirektion Leipzig, file number: 24-9168.11/12/22).
E. coli and infection
For infection of mice the E. coli strain ATCC 25922 was used. In a first step, host-adapted bacteria were generated by a two-step passage through mice, i.e. 10 6 -10 7 bacteria were given ip and isolated 17 h later from blood cultures. From this isolate aliquotted frozen stocks were generated and used for infection. The aliquots had a concentration of 5.5+1.0×10 8 cfu/mL. As the virulence of these host-adapted bacteria remained low, each mouse was infected ip with 1.1+0.2×10 6 cfu in the presence of 2.5% (w/v) mucin (300 mL in total) in accordance with established protocols. 15 Mice were checked three times per day for their health status [mobility, breathing, feeding, fur appearance (plain or scruffy) etc.] for a total period of 5 days and weighed 1 day before and 1 and 5 days after infection. Moribund mice, in accordance with the guidelines of the Animal Care and Usage Committee of the Landesdirektion Leipzig, were euthanized.
Toxicity analyses and antimicrobial therapy
To check the toxicity of the optimized oncocin, two high doses were used with Onc72 at concentrations of 20 and 40 mg/kg body weight. The AMP was given four times (0, 3, 7 and 24 h). Mice were checked for behavioural abnormalities and were analysed histopathologically after a period of 5 days. The antibacterial therapy relied on ciprofloxacin as the positive control using the recommended dose of 40 mg/kg injected three times ip after infection (1, 4 and 8 h). The negative control was the solution in which the antimicrobial substances were diluted, i.e. 5% glucose in water, as recommended for ciprofloxacin. In addition, Onc72 was administered in five different doses from 20 to 1.25 mg/kg, which were also administered three times in the manner described above for ciprofloxacin.
Ex vivo analyses
Blood samples were taken 1, 4, 8, 24 h and 5 days post-infection and checked for bacterial growth on nutrient agar plates (Carl Roth GmbH, Karlsruhe, Germany). Blood was taken by puncture of the submandibular plexus or at the end by puncture of the heart. After sacrificing the mice, five organs (heart, liver, spleen, kidney and brain) and peritoneal lavage were collected from all animals under sterile conditions. Parts of the organs were minced (Ultraturrax, IKA-Werke, Staufen, Germany) and an aliquot plated to check for the bacterial burden.
Pathology
Spleens were weighed and thereafter all removed organs (e.g. liver, kidneys, pancreas, ovary, urinary bladder, lung, brain and spleen) were fixed in 4% buffered formalin and embedded in paraffin. The extent and morphology of a potential inflammatory response were studied by haematoxylin and eosin (H&E) and Giemsa staining of organ sections.
Statistical analyses
The statistical significance of differences between experimental groups of animals was determined using the log rank test for survival analysis and the one-tailed Mann-Whitney test for bacterial burden, organ weight and body weight changes.
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Results
Synthesis of Onc72
The antimicrobial peptide Onc72 was obtained in high yields and purities (≥95% as indicated by RP-HPLC), with only minor peptidic by-product impurities detected by MALDI-MS. The dried peptide was lyophilized twice in one batch using 0.1% aqueous acetic acid as solvent to reduce the content of acetonitrile and especially TFA. The final peptide batch was quantified from the RP chromatogram (absorbance at 214 nm) relative to an oncocin standard injected on the same column in similar quantities, which was quantified absolutely by amino acid analysis. 16 Thus, the peptide amounts used in this animal study should be relatively accurate, with an expected error of 10%.
Toxicity and pathological effects of Onc72
Two groups of NMRI mice with seven animals each were treated four times (0, 3, 7 and 24 h) ip with doses of 20 or 40 mg/kg Onc72. The mice showed no signs of abnormality and showed their normal behaviour, and no mouse became moribund or died during the treatment. After 5 days of examination the mice were sacrificed. Spleens were weighed ( Figure 1a ) and fixed for further histopathological analysis. Moreover, liver, kidneys, pancreas, ovary, urinary bladder, lung and brain were examined histopathologically. The analysed tissues showed the normal structure, as shown for spleen ( Figure 1 ). Detailed histopathological analysis following H&E (Figure 1b -d) and Giemsa staining (data not shown) revealed the regular anatomical structure of the organs with no signs of any toxic side effects or internal bleeding, including the kidney as the likely clearance pathway. There were no signs of inflammation in any of the organs studied.
Systemic septicaemia infection model
Mice were infected ip with 1×10 6 cfu of E. coli strain ATCC 25922 in 2.5% mucin to restrict acute macrophage activation and promote establishment of infection. In a first step, the distribution rate and change in bacterial burden after inoculation were studied. The bacterial burden increased over time in all tested body fluids and organs ( Figure S1 , available as Supplementary data at JAC Online). The highest levels of infection were found in the peritoneal cavity, where the inoculum was administered. During the first 8 h the bacterial burden in blood, liver, lung, spleen and kidneys was 100-1000 times lower in comparison with the peritoneal cavity. Importantly, the bacteria were systemically distributed in all animals and reached all organs except the brain within the first hour. This confirms that the blood -brain barrier was still intact and reduced the dissemination of bacteria to the CNS. Moreover, all infected animals showed signs of severe symptoms of illness within 1 h postinfection, providing a good measure for the following therapeutic intervention. Based on these data, we started to medicate the mice 1 h post-infection. Two more therapeutic injections with the same dose were scheduled 3 and 7 h later, which resembled the time intervals of the toxicity study.
Onc72 treatment in infection
Mice were infected as described above and were then medicated three times ip with Onc72, ciprofloxacin (positive control) or received no antibiotic (negative control). Within 1 h of infection, all mice showed severe signs of infection, including reduced mobility, scruffy fur and apathy. Based on the toxicity study, we started the medication with doses of 20, 10 or 5 mg of Onc72 per kg per injection (Figure 2a Efficacy of Onc72 in a murine infection model 2447 JAC within the first 12 h of infection. All treated mice recovered completely within the 5 day observation period, i.e. all animals showed normal behaviour. Thus, we reduced the doses of Onc72 further (Figure 2b ). In the second experiment all mice of the control group had to be sacrificed within 24 h, whereas all mice treated with a dose of 5 mg/kg Onc72 survived. At a dose of 2.5 mg/kg, six out of the seven animals survived, but they took longer to return to their normal behaviour pattern. At the lowest dose of 1.25 mg/kg only one out of seven mice survived. We estimate the effective dose (ED 50 ), i.e. the Onc72 dose that guaranteed a 50% survival rate, at 2 mg/kg if injected 1, 4 and 8 h post-infection. Furthermore, the bacterial counts were determined in different body fluids and organs in response to the different doses of Onc72. Untreated mice showed the highest bacterial burden in blood, followed by the group treated with the lowest dose of Onc72 (1.25 mg/kg) ( Figure 3a) ; this is in agreement with the survival rates obtained for the two groups (Figure 2b ). All Onc72 doses showed a correlation between increasing peptide concentrations and decreasing bacterial counts. Importantly, the bacterial burden was significantly reduced in blood by each injection of Onc72 at a dose of 5 mg/kg, providing almost sterile blood after 24 h (Figure 3b ). In addition, the weight loss of the animals 24 h after infection was a good marker for the antimicrobial effect of the therapeutic agent that was given ( Figure 4 ). The smallest weight losses were measured for ciprofloxacin treatment (3+1%) and the high doses of Onc72 (≥10 mg/kg). For lower doses of 5 and 2.5 mg/kg, the weight decreased on day 1 by 8+1% and 12+3%, respectively, before the animals returned almost to their pre-infection weight at day 5 (21+1% and 23+1%). This confirms again that Onc72 is more effective given at 5 mg/kg than at 2.5 mg/kg. For blood taken from the facial vein 8 h post-infection, bacterial burdens were 4×10 4 -2×10 6 cfu/mL (negative control), 2×10 3 -1×10 6 cfu/mL (Onc72 doses of 1.25 and 2.5 mg/kg) and ,7×10 3 cfu/mL (Onc72 doses of 5 mg/kg and ciprofloxacin). Next, we studied the bacterial counts in peritoneal lavage, heart blood, liver, lung, spleen, kidney and brain for animals treated with 20 and 5 mg/kg Onc72, i.e. the highest and lowest doses that provided a 100% survival rate ( Figure 5 ). The bacterial burden detected 8 h post-infection was lower in the high-dose group (20 mg/kg) than in the low dose group (5 mg/kg). After 24 h the bacterial burden was at a similar level in both groups, except for the liver sample, where the cfu count was 100-fold higher in the low-dose group. This finding correlates well with the survival curves for high ( Figure 2a ) and low (Figure 2b ) doses of Onc72. Most importantly, after 5 days of infection no bacteria were isolated in any organ examined from any of the animal groups treated with ciprofloxacin or Onc72, even for the lowest doses of Onc72 (1.25 and 2.5 mg/kg). After these 5 days of infection no differences or signs of toxicity could be found in the histology of the kidneys of mice treated with ciprofloxacin ( Figure S2a , H&E staining, available as Supplementary data at JAC Online) or Onc72 (10 mg/kg) ( Figure S2b , H&E staining, available as Supplementary data at JAC Online).
Discussion
The increasing number of resistance mechanisms in Gramnegative pathogens and especially the occurrence of single strains that show multiple resistances against a broad range of antibiotics demands new treatment options for both nosocomial and community-acquired infections. A promising treatment option is represented by AMPs from organisms evolutionarily distant from humans, which will prevent bacteria from developing resistance mechanisms against antimicrobial mechanisms of the innate immune system (e.g. mammalian AMPs). For the same reason it appears favourable to modify the structure of natural AMPs chemically to prevent immunomodulatory effects on the defence mechanisms of the corresponding hosts. Following this hypothesis, we have modified the sequence of the Oncopeltus antimicrobial peptide 4 at several positions and also shortened the C-terminal sequence. 14 The resulting oncocin lead compound Onc72 thus contains two L-ornithine residues, additionally reducing its degradation by serum proteases, as indicated by its half-life in serum. 11 Recent studies have shown its superior antibacterial activity spectrum against several threatening Gram-negative pathogens in vitro, i.e. E. coli, K. pneumoniae, P. aeruginosa and Acinetobacter baumannii, and have also revealed how Onc72 inhibits the substrate-binding domain of chaperone DnaK. 13 To evaluate the therapeutic potential of Onc72 for systemic E. coli infections, we first established a fast lethal sepsis model in NMRI outbred mice. The bacteria injected into the peritoneum disseminated to blood, liver, lungs, spleen and kidneys within 1 h, reaching a bacterial burden of 10000 -100000 cfu/mL homogenate. This bacterial burden increased a further 10-fold over the next 3 h and again over the following 4 h period, if not medicated. E. coli reached the brain with some delay, but increased relatively fast to around 10000 cfu/mL homogenate after 8 h. Thus, the treatment started at a point when the systemic infection was already established in the animals and its further aetiopathology no longer depended on the bacterial load of the Efficacy of Onc72 in a murine infection model 2449 JAC peritoneum. In this respect the established model provides a good measure to evaluate the efficacy of antibiotics. This was also confirmed by the dose -response curve obtained for lower Onc72 doses, ranging from 1.25 to 5 mg/kg. Onc72 was highly efficient, providing a 100% survival rate already at a dose of 5 mg/kg and an ED 50 of 2 mg/kg. These values are similar to those for other antibiotics, including ciprofloxacin, used in this study, although it is difficult to compare such values among different mouse models. Nevertheless, we showed that Onc72 possesses a strong antibacterial activity in vivo. Interestingly, the lowest dose rescuing all animals (i.e. 5 mg/kg) basically reduced bacterial growth from the first injection and then reduced the number of living bacteria after the second and third treatments, providing sterile blood after 24 h. A similar effect was obtained for the studied organs, although they were not sterile within the 24 h period, but were at the end of the observation period of 5 days. Most likely the bacteria present after 24 h in the organs were later cleared by the host's immune system rather than by Onc72 as the treatment was not further continued. This raises the question of how long the peptide is active. In vivo imaging using DY675 -Onc72, i.e. Onc72 carrying the near-infrared fluorophore DY675 (Dyomics, Jena, Germany) at the N-terminus, injected ip indicated that the dye-labelled peptide distributes systemically within 30 min. The fluorescence intensity increased continuously in the mice for the 2 h observation period, the peptide being slowly released from the peritoneum, which provides a depot (data not shown). After 2 h fluorescence was detected in the heart, bladder, ovaries, duodenum, kidneys and liver, but not in the brain. Thus we assume that the peptide was present at significant blood concentrations 30 min after its first injection (i.e. 1.5 h postinfection) and remained there for at least the next 2 h. Considering the time -kill kinetics reported earlier for Onc72, 12 which indicated a reduction of the cfu by a factor of 1000 within 1 h in vitro, most bacteria should be killed by Onc72 directly. Based on the treatment intervals of 3 and 4 h, it appears likely that Onc72 was still present at low levels when the next dose was administered, providing continuous protection of the animals for at least 10 h. The highest fluorescence intensities were obtained in the kidneys and liver, which indicates that the dye was cleared through both organs at similar rates. The in vivo imaging data, however, have to be taken with caution as the peptide was chemically modified, with the dye influencing its properties significantly. More importantly, it is not possible to distinguish the fluorescence of the full peptide from degraded peptide fragments. Therefore, we will study this in more detail by using a radio-labelled peptide.
Proline-rich AMPs expressed in mammals are part of the innate immune system and thus can also modulate cells of the immune system during infection. These immunomodulatory effects contribute significantly to the effective elimination of pathogens, besides their immediate antimicrobial effect. Despite the evolutionary gap between insects and mammals, such immunomodulatory effects have recently been suggested to explain the high efficacy of A3-APO in a murine infection model with Staphylococcus aureus and confirmed for apidaecin. 8, 17 Such effects can be excluded for Onc72, at least for key innate immune cells such as dendritic cells and macrophages (unpublished results) as also shown for Api88 recently. 18 The high efficacy of Onc72 might also be explained by synergisms with other substances present in blood, such as endogenous antimicrobial peptides or components of the complement system. Thus further studies for such synergistic interactions are necessary. Currently, we are studying the activities of Onc72 and some other AMPs in murine serum and blood samples.
Besides its high efficacy, Onc72 was not toxic within the studied concentration range up to 40 mg/kg when administered four times within 1 day, which indicates a therapeutic window of at least 10. Further studies will be necessary to address adverse effects in more detail using a panel of biomarkers to identify toxic effects on the kidneys and liver with a higher sensitivity and for a longer period of time (e.g. daily injections of Onc72 for 10 days).
Conclusions
The presented data indicate that Onc72 is highly efficient in female NMRI mice and clears the bacterial burden within 24 h in blood and reduces it during this period significantly in all studied organs. Considering the 'no observed adverse effect limit' (NOAEL) at repeated ip injections of 40 mg/kg from the toxicity study and an ED 100 between 5 and 2.5 mg/kg, the therapeutic window can be estimated as ≥10. Thus, Onc72 is a promising lead compound with favourable characteristics that should be evaluated further concerning possible toxic side effects and its efficacy in other animal infection models.
